One beneficial reuse of high carbon content (HCC) fly ashes is in reactive barrier applications for remediation of contaminated groundwater. However, leaching of metals from the coal fly ashes into the environment is of concern. A series of column leach tests (CLTs) and batch water leach tests (WLTs) were performed to investigate the potential leaching of metals from HCC fly ashes during reactive barrier applications. Fly ash content and pH were two key factors affecting the leached amount in the WLTs.
fly ash, with increasing unburned carbon content during the last decade due to the implementation of low nitrogen oxide burners in coal-burning power plants (Petzrick 2001) . Unfortunately, this HCC fly ash cannot be beneficially reused in the construction industry as a concrete additive because it lacks the required pozzolanic properties, and the high amount of carbon interferes with air entrainment agents, and therefore has no value.
One potential beneficial reuse of HCC fly ash is as a sorptive media (e.g., Demirkan et al., 2006 Demirkan et al., , 2011 , e.g., in groundwater remediation applications. Previous laboratory studies have demonstrated the effectiveness of a variety of natural and synthetic sorbents as potential reactive/sorptive medium for the treatment of groundwater containing both organic and inorganic pollutants. Specific reactive materials such as wood chips, limestone, manure (USEPA 2006) , peat (Guerin et al. 2002) , and lignitic coal (Jenk et al. 2003 ) have been investigated. For example, Schad and Gratwohl (1998) reported a successful field application of a permeable sorptive barrier (PSB) using activated carbon as a sorbent for groundwater contaminated with petroleum hydrocarbons. Furthermore, there is growing interest in the utilization of recycled materials, such as tire chips and foundry sand, for remediation of contaminated groundwater as a part of sorptive barrier investigations (Edil et al. 2004 , Lee et al. 2004 .
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The organic carbon in HCC fly ash is also potentially suitable for use a reactive medium in PSBs based on its documented capacity for adsorption of various organic contaminants such as phenols, dyes, herbicides, and polychlorinated biphenyls (Akgerman and Zardkoohi 1996 , Janos et al. 2003 , Konstantinou and Albanis 2000 , Nollet et al. 2003 . Attempts have also been made to stabilize petroleum contaminated wastes using Class F fly ash for their potential use in highway environments; however, this previous work generally included creating a monolithic medium and encapsulating the petroleum contaminants rather than adsorbing them (Tuncan et al. 2000) .
The primary goal of this research program was to assess the feasibility of using HCC fly ashes for PSB applications in remediation of groundwater bodies contaminated with petroleum hydrocarbon products. To evaluate the suitability of this abundantly available waste material for use as a reactive/sorptive media in construction of PSBs, two key issues need to be addressed. First, the metal leaching behavior from HCC fly ashes must be evaluated (Theis and Wirth 1977 , Edil et al. 1992 , Chichester and Landsberger 1996 , Ogunro and Inyang 2003 , Bin-Shafique et al. 2006 . In other words, what fraction of metals present in the fly ash will be removed by leaching during a PSB application?
Although there are numerous studies focused on the leaching of metals from fly ashes designated to be used in geotechnical applications (Bin-Shafique et al. 2006 , O'Donnell 2009 , Sauer et al. 2011 ) limited literature exists on leaching of metals from HCC fly ash in a PSB application. Second, information is lacking regarding the efficiency of HCC in retarding the movement of organic pollutants in petroleum-contaminated soils and the suitability of HCC for use in PSBs. This paper presents the results of a study to evaluate A c c e p t e d M a n u s c r i p t
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To evaluate metal leaching from HCC fly ash, a series of short-term batch water and long-term column leaching experiments were conducted on several fly ash/sand mixtures that may be considered as potential reactive media in PSBs.
MATERIALS
The seven fly ashes investigated in this study originated from six different power plants Virginia) was used in preparation of the fly ash-sand mixtures in all tests and as a reference material in batch tests. The sand was uniformly graded (coefficient of uniformity, C u =1.1), had a median particle size (D 50 ) of 0.45 mm, and included no fines.
The specific gravity and pH of the sand were determined as 2.65, and 6.5, respectively.
Two leaching solutions were used in this work: deionized (DI) water with a fixed ionic strength with CaCl 2 (ionic strength, IS=0.02M), which was intended to simulate the ionic strength of groundwater; and a mineral salt solution designed to simulate dilute groundwater chemistry (Murphy et al., 1997) . The artificial groundwater solution (AGW) was prepared in DI water using a 10 mM PIPES buffer (Sigma Aldrich, 99%, St. Louis, MO, U.S.A.) to maintain the pH within a range of 6.8-6.9. PIPES was selected because of its low tendency to bind metal species. To avoid bacterial contamination, the AGW solution was autoclaved for 20 minutes at 121 0 C and 21 psi.
EXPERIMENTAL METHODS

Batch Water Leach Test (WLT)
Short-term batch water leaching tests (WLTs) were conducted on the fly ashes alone or mixed at four different percentage ratios with sand by using the ASTM D 3987 (1992) method. The standard method was modified by: (1) downsizing the batch reactor system from a 2-L mixture of leachant/solid to a 50-mL mixture of leachant/solid, and (2) changing the leaching solution from DI water to one of the two solutions described above (i.e., the AGW solution or DI water with fixed ionic strength). Before starting the Submitted April 28, 2011; accepted December 22, 2011; posted ahead of print December 27, 2011 . doi:10.1061 /(ASCE)EE.1943 A c c e p t e d M a n u s c r i p t
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6 procedure, the test materials (fly ashes, sand) were sieved and mixed homogeneously by hand. Subsequently, 2.4 g of fly ash or fly ash-sand mixture was added to a 50-mL plastic centrifuge tube followed by 48 mL leachant, giving a liquid-to-solid (L:S) ratio of 20:1 (mL/g). Next, the mixture was equilibrated at room temperature (18-25C) by agitating continuously on a tumbler rotator at 29 rpm for 18 hours. After reaching equilibrium, the aqueous phase and solid phase were separated by centrifugation of the 50-mL centrifuge tubes at 3000 rpm and 20 o C for 15-20 minutes. To determine the dissolved metal concentrations (aluminum, arsenic, chromium, selenium), the suspended solids were removed by filtering the supernatant through 0.2-μm pore size, 25-mm diameter membrane disk filters (Pall Corporation). The filtered samples were transferred to acidwashed plastic centrifuge tubes, and the pH measured. The samples were then preserved for metals analysis by acidification to pH <2 using concentrated trace-metal grade HNO 3 , and stored at 4C prior to analysis. Blanks were also collected and treated using the same protocol. Duplicate WLTs were conducted on several fly ash/sand mixtures using each leaching solution.
Column Leach Tests
Specimen Preparation
The column leach tests (CLTs) were conducted on soil-fly ash mixtures (clean sand mixed with 40% fly ash by weight) to provide more realistic estimates of the leaching behavior and transport parameters for the four metals of concern (aluminum, arsenic, chromium, selenium). The sand/fly ash percentages in the mixture were selected based on an earlier study (Demirkan et al. 2008) to satisfy a typical design hydraulic packed with another layer of sand. A simple dry packing procedure was applied using a funnel with a narrow, 30-mm long brass cylinder, which had a holding capacity sufficient to form a 5-mm thick layer. The methodology consisted of sequentially adding 5-mm layers of material to prevent the segregation and the preferential deposition of larger grained particles. Each addition was followed by gentle compaction with a controlled number of tamps (3 to 4 tamps) using a heavy flat metal pestle with a round head of 46-mm diameter. The compressing plane of the pestle was leveled so that the pressure input over the freshly deposited layer was distributed evenly across the surface. After each 50 mm layer of material was deposited, the uniformity of packing was checked by density The columns were sterilized by gamma irradiation in one of two ways. In most cases, after packing of the medium inside the column, the columns were exposed to gamma irradiation at a dose of 30 kGw for 48 hours (Rasmussen et al. (2002) ) at the University of Maryland gamma irradiation facility, which should be sufficient to provide complete sterilization while not changing the physical and chemical properties of the exposed medium (McNamara et al. 2003) . A few column specimens were prepared by packing pre-irradiated (at a dose of 30 kGw for 48 hours) sand and fly ash into the column under a laminar flow hood.
The column leach tests were performed using sterilized AGW solution as the eluant. The solution was pumped into the column in an up-flow mode at a flow rate of 50-60 mL/h, which was selected to simulate typical velocities (3x10 -3 to 2x10 -2 m/d) expected in field conditions. Leaching of the target metals (aluminum, arsenic, chromium, selenium) was monitored in the samples collected from the effluent port of the column. During the first 48 hours of testing, frequent sampling (every 3-4 hours) was performed to observe the leaching breakthrough curve of each metal studied. After 48 h, the sampling frequency was decreased to twice a day for few days, and subsequently to once a day as the temporal changes in the metals concentrations became less significant.
The pH of the leachate was measured immediately after sampling. The protocol for sample filtration and preservation for dissolved metals analysis followed that employed in WLTs. Upon completion of the column leach test, a constant-head hydraulic A c c e p t e d M a n u s c r i p t
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9 conductivity test was conducted on the same column specimen. The measured hydraulic conductivities were satisfactory (~10 -4 cm/s) for permeable reactive barrier applications (Table 3) .
Analytical Methods
The pH of leachate samples collected from the CLTs and WLTs was determined by following method ASTM D1293 (2005), while the pH of raw fly ashes was determined using SW-846 Method 9045. Duplicate measurements were made for each sample, and the mean values were reported.
The metals aluminum, arsenic, chromium and selenium were selected for analysis agent, the aqueous sample was pretreated with a 32% hydrochloric acid solution and a 10% potassium iodide solution to reduce the pentavalent arsenic species to trivalent arsenic species, the ionic form detectable by the instrument. The instrument was calibrated using standard solutions ranging from 1 to 50 ppb prepared with the same background solution as the unknown samples by dilution of a 10 ppm certified atomic absorption stock solution. Each standard was analyzed five times and the average values were used to construct a calibration curve of absorbance versus concentration before and after each set of 10-15 samples. For concentrations outside the linear range of the calibration curve, the samples were diluted as appropriate (2-50 times) prior to analysis to remain within the linear range. The detection limit of the equipment for As was 0.5 ppb.
Journal of Environmental Engineering. Submitted April 28, 2011; accepted December 22, 2011; posted ahead of print December 27, 2011. doi:10.1061/(ASCE) EE.1943-7870.0000531 A c c e p t e d M a n u s c r i p t
N o t C o p y e d i t e d
11
RESULTS AND DISCUSSION
Batch Water Leach Tests
The results of duplicate batch WLTs are summarized in Table 2, The pH of leachates from the soil-fly ash mixtures typically remained between those for the soil or fly ash alone (Table 2) , but the pH from the mixtures tended to be closer to that obtained from fly ash alone when the fly ash content is greater than 40%.
pH of leachate from the mixtures generally increased with increasing fly ash content, which is attributed to the larger amount of free lime, hydrated calcium silicate (C-S-H),
and Portlandite (Ca(OH) 2 ) in the mixture (Theis and Wirth, 1977, Bin-Shafique et al. 2006 ). The observed increase in pH of the leachate is also generally non-linear and higher when the fly ash content increases from 0 to 40% than from 40 to 100%.
The aqueous concentrations of the four metals in the WLT with DI water and AGW were plotted against the fly ash content. Similar trends were observed for DI water and AGW, thus only the data with AGW are presented in Figure 2 . For all seven fly ashes, the aqueous metal concentrations increased with increasing fly ash content ( Figure   2 and Table 2 ). The relationship between metals concentration and fly ash content (40- (2006) showed that dilution calculations can be misleading for soils stabilized with fly ashes, and attributed the errors to the non-linear variation of pH with fly ash content. The distribution of surface species and availability of the metal anionic and cationic species are highly dependent on the pH, and several possible leaching mechanisms may interact in a complex manner to determine the observed trends. Thus, the nonlinear increase in the leaching metal concentrations with increasing fly ash content can be attributed to the increase of available leaching metals as a result of increasing fly ash amount (as source of metals),
and to the small increases in pH (see Table 2 ) that ultimately enhances their The data in Figure 3 suggest that the concentrations of chromium and selenium in the WLTs conducted with AGW are about 2 and 0.6 times, respectively, the concentrations in the WLTs conducted with DI water. However, it is difficult to draw any conclusions regarding the correlation between the two test results for arsenic due to scatter in the data.
The fly ashes used in this study were selected to represent a range of properties.
LOI and pH were identified as two properties with the potential to influence the leaching of metals from soil-fly ash mixtures. For example, LOI is a measure of unburned carbon, and may retard metal mobility by providing sorption sites. Therefore, the relationship between WLT concentration and LOI and pH was evaluated (data not shown). While the concentrations from the WLTs with soil alone were lower than the concentrations from the soil-fly ash mixtures (Table 2) , there were no consistent trends between the WLT concentrations from soil-fly ash mixtures and soil LOI or pH, except for a tendency with Se and As concentrations to increase with increasing pH. In spite of the lack of correlations between the pH and concentrations, the relatively higher concentrations of 
Leaching of Metals
The peak Cr concentrations summarized in Table 3 are generally below the EPA MCLs, with the exception of the CLTs conducted on the MT, Dbh, and CP fly ashes. In two of the CLTs that had Cr concentrations exceeding the MCL, the peak concentration quickly dropped below the limit after 4-14 PVF. The peak Se concentration found in the leachate from 6 of the 7 CLTs exceeded the MCL of 50 g/L, but all of these columns had effluent concentrations that stabilized below the limit within 20-25 PVF. The peak As and Al concentrations in leachate from all CLTs exceeded the MCLs.
The metal elution curves presented in Figure 5 exhibit a large initial leaching of 
Comparison of WLTs and CLTs
The data obtained in the WLT and CLT with 40% fly ash content and AGW as the leaching solution were compared in two ways. In the second comparative approach, the WLT results were scaled up to the column experimental set-up to predict the leachable amount in CLTs. This was done by performing mass balance calculations to predict the leachable mass of metals from the amount of materials (sand and fly ash) packed in the column using the measured metal concentrations in batch leaching tests performed with sand and 60% sand+40% fly ash mixtures. The actual leached masses from the CLTs determined by mass balance A c c e p t e d M a n u s c r i p t
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18 calculations using the experimentally observed leaching concentrations are plotted against the predicted leachable masses determined using the WLT data in Figure 7 . The trends suggest that the leachable amounts were underpredicted 6 and 5 times for aluminum and arsenic, respectively. The predictions are relatively better for chromium and selenium although there is scatter in the data.
A more realistic analysis of metal leaching from fly ash-soil mixtures can be made in CLTs, as the test set-up more closely mimics the field behavior compared to a batch-scale test. However, batch tests are easier to perform and may be preferred to roughly predict the field behavior. Unfortunately, a direct comparison between the two tests is not available, and several issues have to be considered before using the scaling factors discussed above in practice. First, the liquid-to-solid (L:S) ratio does not change during the WLTs while the CLTs are conducted with continuous percolation of eluant, causing a constant increase in the L:S ratio (Ogunro and Inyang, 2003) . Second, shorter equilibration times are used for leaching in WLTs compared to the extended periods of leachate collection and analysis for CLTs. Third, the mixing in the batch procedure is more aggressive than in the CLTS, which probably enhances the surface contact between the leaching solution and the solid particulates. This may result in faster leaching rates of the metals and allow equilibrium between the liquid and the solid phase to occur within a shorter period of time. The aggressive agitation may also increase dissolution of mineral components of the tested material and thereby enhance variations in pH and ultimately affect metal leaching behavior. Finally, speciation of As, Cr, and Se is highly dependent on the redox conditions, and the redox differences between the environments in the batch and column experiments are likely to contribute to differences in the test results. 
CONCLUSIONS
A series of column and batch tests were performed to evaluate leaching of inorganics from coal fly ashes that can be used as a sorptive medium in PSBs. Based on that study: 2. The metal concentrations increased with increasing fly ash content in the WLTs.
The observed increase in concentration of As, Cr, and Se anionic species can be attributed to the increase of available metal species as a result of increasing fly ash amount (as source of metals), the small increases in pH that enhances their solubilization, and the unavailability of positively charged surface species for complexation at basic pHs.
3. Aluminum concentrations in the WLTs with DI water were about ten folds higher than with AGW, mostly due to the higher pH conditions and the increase in the aluminum solubility with increasing pH (above pH 6.5). Relatively faster leaching of aluminum was observed in all CLTs, indicating dissolution of the water soluble aluminum mineral species that are loosely attached on the surface.
4. Leaching of metals in the CLTs exhibited a first-flush followed by a tailing elution pattern for all fly ashes. High release of the As, Cr, and Se anionic species was observed during the initial 15-35 PVFs. As the pH approached the pH of the buffered AGW (nearly neutral), slower desorption of metalloids species occurred as suggested by the flattening of the elution curves. This was probably due to the Submitted April 28, 2011; accepted December 22, 2011; posted ahead of print December 27, 2011 . doi:10.1061 /(ASCE)EE.1943 A c c e p t e d M a n u s c r i p t
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No direct correlations between the concentrations measured in the WLTs and
CLTs were found, largely due to the differences in the test conditions (e.g., different liquid-to-solid ratios, test durations, and mixing intensity). Among the two approaches studied, scale-up of the WLT results to the column experimental set-up provided a relatively better prediction of the leachable amount in CLTs.
6. The CLTs indicated that Al, As, Cr, and Se can leach out at concentrations initially higher than the EPA MCLs. However, following this first-flush period, the metal concentrations in the collected leachate are likely to decrease to below the limits after several PVF. This is a factor that will need to be addressed if the fly ashes are to be considered for barrier applications. 
